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Abstract

Conformations and electronic structures of polymers based on polythiophene with

various fused fragments were theoretically investigated. Thioethylenic, thiodimethylenic,

and ethylenic fragments were explored, yielding polythieno[3,4-b]thiophene,

polythieno[3,4-c]thiophene, and poly(3-thiabicyclo[3.2.0]-1,4,6-heptatriene), respec-

tively. A conformational study, using the method of Partial Retention of Diatomic

Differential Overlap, was performed to ascertain the relative stability of the aromatic vs.

quinoid forms as well as the torsional potentials of the aromatic forms. The electronic

structures of the polymers were obtained through modified extended Hickel band

calculations. It was found that the stability of a conformer is mainly governed by the

electronic effects associated with a given fragment. The more stable conformer of a

polymer has a lower highest occupied crystal orbital level, a larger band gap, and a smaller

highest valence band-width. The symmetries and the relative energy levels of the frontier

orbitals of a fragment compared to those of a parent polymer play important roles in

determining the electronic effects of a fragment and, in turn, the stability of a conformer. It

is expected that polythieno[3,4-b]thiophene should be a very promising conducting

polymer whose band gap is predicted to be comparable to that of polyacetylene.
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Introduction

Heterocyclic polymers such as polythiophene (PT), polypyrrole (PPy), polyfuran

(PF), and their derivatives have attracted much attention recently because of their electrical

properties and relatively good environmental stabilities. Because of the good physico-

chemical properties of these heterocyclic polymers, many experimental I -9 and theoretical

efforts I0-16 have been focused on the modification of their chemical structures toward very

small band-gap polymers which would be intrinsically good electrical conductors. In

particular, modified polymers based on PT have been major targets for achieving such a

goal because of the intrinsically small band gap of PT and the ease of the electrochemical

preparations of films. We have previously shown that the intrinsic electronic effect of the

heteroatom is to raise the band gap relative to polyacetylene, and that the relatively small

band gap of PT arises from the fact that sulfur exhibits a smaller electronic effect in PT than

does nitrogen in polypyrrole or oxygen in polyfuran.17

Polymers based on cis-polyacetylene (PA) backbones such as polyparaphenylene

(PPP), the heterocyclic polymers mentioned above, and their derivatives are nondegenerate

in their ground states and possess two types of possible conformations: aromatic and

quinoid.

Insert 1 here

Earlier theoretical work has shown that polyparaphenylene, polythiophene, and polypyrrole

are aromatic in their ground states and are subject to structural modifications toward

quinoid forms upon charge transfer. 18 Also, a quinoid form of polythiophene with br =

0.06 A is predicted to possess a near-zero band gap.I1 Here Sr is defined as the average

value of the bond length alternation along the backbone of the polymer. Therefore, a
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potential way to design a small band gap polymer is to modify the chemical structure of a

polymer toward a quinoid form. In this context, experimental and theoretical attempts have

been made to incorporate the quinoid forms by inserting methene (-CR=) groups into a

polymeric backbone 2,10, 16 or by attaching rings onto the parent rings. 1,6.9,11-15 On the

basis of theoretical calculations, Bredas I has proposed that polyisonaphtothiophene

(PINT), polyisothianaphthene (PITN) and polythieno[3,4-c]thiophene (PTcT) are good

candidates for electrically conducting polymers. Bredas calculated the structures of these

systems via monomer or dimer optimizations, with the oligomer terminated with one

hydrogen at each terminal position. This procedure clearly biases the calculated geometry

toward the aromatic form. 19 The VEH method was then employed to calculate the'band

gaps of PITN, PINT, and PTcT, which were found to be 0.54, 0.01, and 1.02 eV

respectively. Bredas attributed the decrease in band gap relative to polythiophene to an

increase in the quinoid contribution to the electronic structure. However, more recent

work 12 ,15,19 has pointed out the importance of conformational effects in determining band

gaps of such polymers. Lee et al. employed MNDO band calculations and claimed that

these polymers are quinoidal in their ground states, with the predicted band gaps of 1.16,

1.50, and 2.00 eV at the HUckel level. 12 ,15 Other theoretical 19 and experimental2 0 work

also supports the quinoid form of PITN in the ground state. Therefore, whenever we deal

with polymers based on cis-PA backbones which are nondegenerate in their ground states,

the relative stability of conformers of such polymers becomes a critical issue.

Is there any simple way to predict the relative stability of aromatic vs. quinoid

forms before performing complicated calculations? In this study we try to answer this

question by elucidating how fragments fused onto PT affect the relative stability of the

conformers and their electronic structures. Selected polymers include polythieno[3,4-b]

thiophene (PTbT), PTcT, and poly(3-thiabicyclo[ .2.0]-1,4,6-heptatriene) (PTBH) (Fig.

I). To our knowledge, none of these polymers have been synthesized yet. We examine
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the relative stabilities of the conformers (aromatic and quinoid forms) as well as the

torsional potential curves of the aromatic forms using the method of Partial Retention of

Diatomic Differential Overlap (PRDDO). 2 1 The electronic structures of the conformers are

computed using the modified extended Hiickel (EH) method. "17

Torsional Potential Curves of the Aromatic Forms

The length of n-electron delocalization along the polymeric backbone plays a crucial

role in determining the electrical properties of conjugated polymers. Experimental

observations of a decrease in optical gaps with increasing size of thiophene oligomers 22 2 3

reflect the effect of the length of n-electron delocalization on the electronic properties of

conjugated polymers. In addition to polymeric chain lengths, the degree of coplanarity of

conjugated aromatic polymers is another factor which affects n-electron delocalization. A

theoretical investigation24 of PPP, PT, and PPy demonstrated that as two adjacent rings

deviate from coplanarity, ionization potentials and band gap values increase and the widths

of the highest occupied bands decrease in accord with a cosine law.

Because of the relatively large size of the van der Waals radius of sulfur, PT-related

polymers may have significantly different torsional potentials about the inter-ring bond

when compared to their oxygen-containing analogues. 19,25 -27 In this connection, we

examined the torsional behavior of the aromatic forms of the polymers in Fig.1 by

constructing the potential energy surfaces of the corresponding dimers in 2. The total

Insert 2 here
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energy calculations were carried out with torsional angles (0) of 0 (syn) to 180" (anti) in

increments of 30" using the PRDDO method. The inter-ring parameters (bond lengths and

angles) were optimized at each 0 value. Since detailed intra-ring structures do not

significantly affect relative energetics of rotational conformers,28 the intra-ring parameters

for the monomers optimized by PRDDO were used throughout the calculations for

computational efficiency. The PRDDO method has been shown to be a useful tool for

predicting conformations as well as geometries of relatively large molecules, 19,26-28 while

semiempirical methods of the neglect of diatomic overlap type (such as MNDO and CNDO)

are often unrealistic in favoring perpendicular conformations for systems with partial

conjugation. 28.29

In Fig. 2, torsional energy surfaces for the dimers la, 2, and 3 are shown. The

torsional behaviors of la and 2 are similar. The syn-conformers are the most unstable

because of steric repulsions between neighboring rings. The distances between S 1 and S3

atoms and between S2 and HI atoms of la are 2.95 and 2.39 A, respectively. These

values are much smaller than the sum of the van der Waals radii of the corresponding atoms

(1.85 A for S and 1.2 A for H)30. The SI - 53 and H1 - H-2 distances in 2 are 2.91 and

1.67 A, respectively. A local minimum is found around 45' and a local maximum at 90.

This is the result of competition between the effects of conjugation, which favor a coplanar

structure, and steric repulsions. Even though the 150°-twisted structure of la appears

more stable than the anti-coplanar structure, full optimizations for both structures revealed

that the latter structure is essentially degenerate with the former (AE = 0.2 kca!/mol). The

flatness of the potential curves for the dimers la and 2 in the range of 150 - 180" arises

from a compromise between the effects of conjugation and the steric repulsions between S2

and S3 and between S1 and HI in la or between S1 and H2 (S3 and HI) in 2. The S2 -

S3 and S1 - HI distances of the anti-form of la are 3.23 and 2.74 A, respectively. The S1

- H-2 (S3 - HI) distance of the anti-form of 2 is 2.63 A. lb with R=CH3 shows almost the
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same torsional surface as la. The potential curve for 3 is quite different from the others,

showing almost the same preferences for the syn- and anti-conformations, and a maximum

at 8 = 90". The anti-form is predicted to be slightly (-0.4 kcal/mol) more stable than the

syn-form, while the torsional barrier is estimated to be 4.6 kcal/mol. This suggests a

considerable population of the syn-form in the polymer PTBH. A similar situation was

observed from the NMR study of bithiophene in a nematic phase of a crystalline solvent.3 1

The S1 - S2 and HI - H2 distances of the syn-form are 3.31 and 2.89 A, respectively,

while the SI - H2 (S2 - HI) distance of the anti-form is 3.65 A.

Relative Stability of the Aromatic vs. Quinoid Forms

Since it was demonstrated that a band gap of a nondegenerate conjugated polymer

in the ground state is related to the energetics of the conformations, 15 ,19 the relative

stability of the aromatic vs. quinoid forms becomes a critical issue for designing new

conducting polymers. We have successfully tackled this issue for a number of PT-related

polymers through oligomer calculations. 19 The scheme to obtain the relative stability of

aromatic vs. quinoid forms from oligomer calculations is briefly given here. For the

details, the reader is referred to Ref. 19. First, optimized structures of the oligomers of

interest, extending from monomers up to tetramers or higher, are calculated for both forms.

Quinoid forms can be modeled by attaching two hydrogens at each of the terminal atoms,

while aromatic forms have one hydrogen. Second, we approximate the energy difference

between the two forms in the absence of end groups as a function of chain length, N,

according to Eqn. (1).
N N N

AEa = E NEa - 2 EH + 2 ECH (1)qa q a

where Eq and Ea are the total energies of quinoid and aromatic forms, respectively. EH is

the hydrogen atomic energy, -0.4712 au and ECH is the average C - H bond dissociation
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energy, 90.3 kcal/mol. Finally, we extrapolate the energy difference per chain length, AEN

/ N using Eqn. (2).
N

AEqa/N = a0 + a1 /N+ a2 /N 2  (2)qa

Th'e relative stability of the two forms of a polymer amounts to the value of a0 .

We used the same scheme for the polymers of interest in this study. Geometrical

structures of the oligomers up to the trimers were obtained by performing full PRDDO

optimizations, except for the C-H bond lengths. The C(sp3)-H and C(sp2)-H bond lengths

were fixed at 1.10 and 1.08 A, respectively. All aromatic conformers were considered to

be anti-coplanar. The total energy calculations for the tetramers were performed with the
structures extracted from the tnimer optimizations. In Table I, calculated AEN / N valuesqa

for the oligomers including thiophene and isothianaphthene are shown, along with the

values extrapolated to the infinite chain limit (N = o-). It is quite obvious that the ground-

state geometries of PT and PTBH are aromatic, while that of PTcT is quinoidal. This

prediction is consistent with MNDO band calculations. 15 For PITN, a theoretical

calculation 15 by Lee et al. favors the quinoid form, which is opposite to the prediction11 of

Bredas. PRDDO calculations predicted that the quinoid form is slightly more stable than

even the nonplanar aromatic form.19 A recent 13C cross-polarization/magic angle spinning

nuclear magnetic resonance investigation supports a quinoid form for PITN. 20 The

quinoid form of PTbT is predicted to have a stability comparable with that of the aromatic

form. The introduction of an alkyl group to PlbT is accompanied by a weak tendency to

increase the stability of the aromatic form over the quinoid form.

Electronic Structures

Geometrical parameters for the polymers in Fig. 1 were selected from those for the

middle rings of the corresponding timers and are given in Table II. For comparison, the
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experimental parameters are included for the monomer of 6,7-diphenyl-3-thiabicyclo[3.2.0]

heptatriene. The electronic structures were obtained by performing modified EH band

calculations 17 on the planar polymers ( it is not expected that deviations from planarity of

the order of a few degrees would significantly affect the calculated band gaps). The

modified EH method employs off-diagonal elements of the form

HaP = K l (Haa + H.)exp(-K2RacP)S~a (3)
ii ii JJ IJ

where K1 and K2 are adjustable parameters, determined to be 1.41 and 0.13,k- 1,

respectively. -. is the energy integral which is assumed to be equal to the energy of an
II

electron in the i-th atomic orbital (AO) of the isolated atom, a in the appropriate state. Sc'5
i

is the overlap between the i-th AO of a center a and the j-th AO of a center f0, and R14 is

the distance between two centers a and 03. The method is parametrized to reproduce band

gaps defined as the 7t - 7r* %max of the optical spectra of conjugated polymers. It includes

seperate parameters for PRDDO and MNDO optimized geometries, and has been shown to

yield remarkably reliable band structures for a wide variety of conjugated polymers,

including those with heteroatoms. We used the sulfur atomic parameters as previously

defined for PRDDO geometries: 2.217 for the valence orbital exponents and 13.3 eV for

the valence state ionization potentials of the 3p orbitals. 17

The predicted electronic properties of the polymers including PT, PITN, and PINT

are summarized in Table III. More stable forms of the polymers tend to have lower Fermi

levels (lower levels of the highest occupied crystal orbital), larger band gaps, and smaller

band-widths. Because the values of the bond alternation Sr of these polymers do not

deviate much from those of PT, except for the case of PTcT, it is expected that the variation

of the band gaps mainly arises from the electronic perturbations produced by the fusion of
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fragments onto the rings. Evolutions of the band gaps by attaching fragments onto PT

have been demonstrated for PITN and for PTBH. 1 2 ,15,3 2

The similar electronic properties of the aromatic and quinoid forms of PTbT reflect

the negligible difference in energy between these forms. The predicted i-band structures

for both forms of PTbT are very similar (Fig. 3). However, the interactions of the PT

backbone with the fragment are different near the Fermi level (Fig. 4). In the aromatic

form, the HOCO of PTbT is destabilized by ca. 1.0 eV by the interaction between the

HOCO of PT and the highest occupied molecular orbital (HOMO) (i 2 ) of the thioethylenic

fragment, while the lowest unoccupied crystal orbital (LUCO) is barely stabilized (ca. 0. 1

eV) because the stabilization due to the bonding interaction of the LUCO of PT with the n3

fragment orbital is almost cancelled out by the mixing of the it1 fragment orbital. Since the

symmetries of the HOCO and LUCO of PT are interchanged upon going from the aromatic

to the quinoid form, the HOCO of quinoid PTbT arises from the interaction of the HOCO

of PT with the it1 and i 3 fragment orbitals. This orbital is slightly destabilized (ca. 0.2 eV)

because the it1 orbital is slightly closer in energy to the HOCO than is the i 3 orbital. The

LUCO is also destabilized (ca. 0.4 eV) by the interaction of the LUCO of quinoid PT with

the HOMO (n2) of the fragment. It should be stressed that the strong interaction of the i 1

orbital of a fragment with the crystal orbitals near the Fermi level plays an important role in

determining the relative stabilities and the electronic structures of these systems.

The predicted n-band structures for both forms of PTcT are shown in Fig. 5.

Mixings of the orbitals of the same symmetry with respect to the mirror plane perpendicular

to the translational axis are found at the center and edge of the Brillouin zone. The

interactions of the PT backbone with the thiodimethylenic fragment are essentially the same

as in the case of PTbT. However, the 7t2 and i 3 levels of the thiodimethylenic fragment are

so close in energy to those of the HOCO and LUCO of PT, respectively, that the

interactions near the Fermi level are very strong, depressing the effect of the i 1 orbital and
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resulting in band crossing and a relatively large band gap in the case of the aromatic form.

As in Fig. 6, the HOCO of aromatic PTcT mainly arises from the stabilization of the LUCO

of PT through the interaction with the 7t3 orbital of the fragment. The LUCO of PT

strongly interacts with the HOMO (nt2 ) of the fragment so that the resultant LUCO of PTcT

is highly elevated. The strong coupling of the thiodimethyienic fragment with the parent

backbone induces a geometrical relaxation toward quinoid-like bond alternations, as seen in

Table III. This results in the further stabilization of the HOCO and destabilization of the

LUCO. In the case of quinoid PTcT, the HOCO is stabilized because the 7 3 level is closer

to the HOCO of PT than is the 7t1 level and the LUCO is strongly destabilized by the

antibonding interaction of the LUCO of PT with the HOMO (7t2) of the fragment., The

lowest conduction bands of both forms are flat along the k-momentum axis. The LUCOs

of both conformers at the edge of the Brillouin zone (k=nr/a) arise from an antibonding

interaction between the HOCO of PT at k---n/a and the 7t3 orbital of the fragment.

Our predicted 7r-band structures for both PTBH conformers (Fig. 7) show the band

gaps at the center of the Brillouin zone while those of Hilckel calculations by Lee et al.

show them at the edge. 15 Therefore, the interactions near the Fermi level in Fig. 8 are

different from those calculated by Lee et al. Because the symmetry of the HOMO and the

LUMO of the ethylenic fragment is different from the corresponding MO of the other

fragments, the interactions of the PT backbone with the ethylenic fragment near the Fermi

level is also different from those in the case of PTbT or PTcT, showing opposite trends of

band gaps induced by the fragment. The HOCO of the aromatic form is stabilized by

interacting in a bonding way with the LUMO of the ethylenic fragment while the LUCO is

pushed up by interacting in an antibonding way with the HOMO of the fragment, resulting

in a larger band gap. In the case of the quinoid form, the HOCO results from the bonding

interaction of the LUCO of quinoid PT with the LUMO of the fragment and the LUCO

arises from the antibonding interaction of the HOCO of quinoid PT with the HOMO of the
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fragment. The lowest conduction band and highest valence band of the aromatic form are

very flat. The crystal orbitals at k---i/a near the Fermi level are the same as those15 of Lee et

al. This is not true in the case of the quinoid form probably because of the different bond

lengths between the fragment and the PT backbone: the PRDDO optimized geometry shows

the longer bond length (1.542A) than the MNDO geometry (1.360A) as shown in 3.

Insert 3 here

Conclusion

It is found that the relative stability of aromatic vs. quinoid forms of these polymers

is mainly governed by the electronic effects of a fragment fused onto the PT ring and that

conformers with larger band gaps are usually more stable. The magnitude of the electronic

effect depends on the symmetries and the relative energy levels of the frontier orbitals of a

fragment compared to those of PT. Symmetry-based arguments show that when the

HOCO (LUCO) of the parent polymeric backbone of a conformer interacts with the LUMO

(HOMO) of a fragment, the conformer is generally stabilized, as found for quinoid PTcT

and aromatic PTBH. However, when there are strong interactions of crystal orbitals near

the Fermi level with frontier orbitals other than the HOMO and LUMO of a fragment, the

effect of symmetry on the stability can be strongly depressed and the prediction may be

difficult, as in the case of PTbT.

Aromatic forms of the polymers investigated in this study are predicted to be

coplanar. Among those polymers, PTbT is expected to be a very promising conductive

polymer whose predicted band (t-ir* %max) gap (1.5-1.6 eV) is comparable to that of trans-
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PA. Both conformers of PTbT have comparable stabilities and similar electronic

properties.
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Table I. Relative stabilities (kcal/mol) of the aromatic vs. quinoid forms for PT, PTbT,

PTcT, and PTBH as a function of the chain length.a

Chain Length Thiopheneb ITNc TbT 7m-TbT TcT TBH

1 37.4 11.9 21.8 22.2 -28.1 55.6

2 24.2 3.8 11.1 11.3 -33.6 44.7

3 19.8 1.6 7.5 7.9 -34.1 40.7

4 17.4 0.5 5.7 6.5 -33.1 39.1

5 16.1 -0.1 - - -

6 15.2 -1.6 - - -

** 10.6 -2.4 0.3 2.0 -30.5 33.5

aAll geometrical optimizations were performed at the PRDDO level.

bData for the thiophene and isothianaphthene oligomers were obtained from Ref. 19.

CThe aromatic forms are nonplanar with a torsional angle of 58.7.
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Table H. Geometrical parameters (bond lengths in A and bond angles in degrees) used for

extended Hickel band calculations. See Fig. 1 for the definition for the geometrical

parameters.

Geometrical PTbT PTcT PTBH
Parameters (A) (Q) (A) (Q) (A)a  (Q)

1-2 1.731 1.779 1.717 1.767 1.784 (1.794) 1.786
2 - 3 1.348 1.463 1.433 1.461 1.321 (1.367) 1.428
3-4 1.429 1.350 1.443 1.438 1.436 (1.440) 1.306
4 - 5 1.352 1.482 1.433 1.461 1.321 (1.367) 1.428
3-6 1.735 1.711 1.347 1.330 1.502 (1.515) 1.542
6-7 1.738 1.714 1.688 1.706 1.331 (1.375) 1.316
7-8 1.315 1.328 1.688 1.706 - -
2 - 2' 1.453 1.327 1.393 1.331 1.454 1.329
1 - 5 - 4 109.5 106.8 107.8 107.5 107.8 (103.5) 104.9
2-3-4 114.1 116.8 113.5 114.2 115.8 (115.5) 117.7
3-4-5 113.5 114.7 113.5 114.2 115.8 (115.5) 117.7
4-3-6 110.8 112.0 111.6 111.9 88.0 (89.3) 90.2
3-6-7 90.8 90.8 112.2 112.7 92.0 (91.1) 89.8
6-7-8 114.7 112.7 92.4 90.8 - -

3 - 2 - 2' 129.6 129.0 128.4 129.2 130.5 129.7

aThe x-ray crystallographic structural parameters of 6,7-diphenyl-3-thiabicyclo[3.2.0]

heptatriene from Ref. 33.
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Table III. Comparision of the predicted electronic properties of PT, PTbT, PTcT, PTBH,

PITN, and PINT.

Highest Valence

Polymersa  Eg (eV)b Ef (eV) Band-Widths (eV) 5rc

PT (A)" 2.61 (2.5 -2.7) -11.06 2.23 0.10

(Q) 1.39 -10.40 3.14 -0.16

PTbT (A) 1.54 -10.13 2.72 0.09

(Q) 1.63 -10.19 2.79 -0.13

7m-TbT (A) 1.50 -10.05 2.69 0.09

(Q) 1.48 -10.05 2.79 -0.12

PTcT (A) 2.54 -10.21 1.96 -0.03

LO1 3.69 -10.75 1.61 -0.08

PTBH (A) 4.34 -11.90 0.05 0.12

(Q) 0.83 -10.13 2.11 -0.11

PITN (A)e 0.80 -10.10 3.18 0.10

LM 2.28 (1.4, 2.0) -10.72 2.79 -0.13

PINT (A)f  0.37 -9.91 2.56 0.12

M) 2.77 (2.1) -10.81 1.58 -0.13

aAll geometrical parameters were obtained from the PRDDO optimizations.

bValues in parentheses are obtained from the optical peaks for -7r* transitions; Refs. 34

for PT, 35 for PITN, and 6 for PINT.

CAn average value of the bond alternation, defined as Sr = [R(2-5') - R(3-2) + R(4-3) -

R(5-4)]/2 (see Fig. 1 for numberings).

dUnderlined is the most stable conformer, except for PTbT whose aromatic and quinoid

forms are essentially equal in energy.

eEg for the nonplanar (58.7" twisted) form is calculated to be 2.25 eV.

fEg for the nonplanar (58.7" twisted) form is calculated to be 1.55 eV.
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Figure Captions

Figure 1. Aromatic and quinoid forms of polythieno[3,4-b]thiophene (PTbT),

polythieno[3,4-c]thiophene (PTcT), and poly(3-thiabicyclo[3.2.0]-1,4,6-heptatriene)

(PTBH). Numbering is the same for the quinoid forms.

Figure 2. Torsional potential curves of the dimers, la: bi-thieno[3,4-b]thiophene, 2: bi-

thieno-[3,4-c]thiophene, and 3: 3-thiabicyclo[3.2.0)-1,4,6-heptatriene.

Figure 3. The n-band structures of the (a) aromatic and (b) quinoid forms of polythieno

[3,4-b]thiophene.

Figure 4. Orbital correlation diagram near the Fermi level of polythieno[3,4-b]thiophene

for the interactions of polythiophene backbone with the thioethylenic fragment.

Figure 5. The 7r-band structures of the (a) aromatic and (b) quinoid forms of polythieno

[3,4-c]thiophene.

Figure 6. Orbital correlation diagram near the Fermi level of polythieno[3,4-c]thiophene

for the interactions of the polythiophene backbone with the thiodimethylenic fragment.

Figure 7. The i-band structures of the (a) aromatic and (b) quinoid forms of poly(3-

thiabicyclo[3.2.0]- 1,4,6-heptatriene).

Figure 8. Orbital correlation diagram near the Fermi level of poly(3-thiabicyclo[3.2.0]-

1,4,6-heptatriene) for the interactions of the polythiophene backbone with the ethylenic

fragment.
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